Abstract The Atlantic Multidecadal Oscillation (AMO), characterized by basin-scale multidecadal variability in North Atlantic sea surface temperatures (SSTs), has traditionally been interpreted as the surface signature of variability in oceanic heat convergence (OHC) associated with the Atlantic Meridional Overturning Circulation (AMOC). This view has been challenged by recent studies that show that AMOC variability is not simultaneously meridionally coherent over the North Atlantic and that AMOC-induced low-frequency variability of OHC is weak in the tropical North Atlantic. Here we present modeling evidence that the AMO-related SST variability over the extratropical North Atlantic results directly from anomalous OHC associated with the AMOC but that the emergence of the coherent multidecadal SST variability over the tropical North Atlantic requires cloud feedback. Our study identifies atmospheric processes as a necessary component for the existence of a basin-scale AMO, thus amending the canonical view that the AMOC-AMO connection is solely attributable to oceanic processes.
Introduction
The Atlantic Multidecadal Oscillation (AMO) [Enfield et al., 2001 ] is second only to the El Niño-Southern Oscillation in terms of its contribution to global sea surface temperature (SST) variability over the observational record [Messié and Chavez, 2011] . As such, the AMO has been implicated as a strong influence on several aspects of global climate such as Atlantic hurricane activity [Goldenberg et al., 2001; Knight et al., 2006; Zhang and Delworth, 2006] , North American and European climate [Enfield et al., 2001; Sutton and Hodson, 2005] , Sahel and Amazonian rainfall [Folland et al., 1986; Knight et al., 2006; Martin et al., 2014] , Arctic sea ice extent [Mahajan et al., 2011; Zhang, 2015] , and even global mean temperature [Brown et al., 2015a; Chylek et al., 2014; Schlesinger and Ramankutty, 1994] . While the AMO's far-reaching influence on the climate system is well appreciated, the fundamental physics of the AMO remain uncertain and a matter of debate.
Current physical explanations for the AMO differ in several aspects, but most rest on the underlying premise that the AMO is the proximate result of interdecadal variability in the strength of the Atlantic Meridional Overturning Circulation (AMOC) [Ba et al., 2014; Delworth and Mann, 2000; Knight et al., 2005; McCarthy et al., 2015; Medhaug and Furevik, 2011] . AMOC variability itself is often attributed to changes in North Atlantic Deep Water (NADW) formation due to anomalous Arctic freshwater fluxes [Jungclaus et al., 2005] and/or atmospheric modes such as the North Atlantic Oscillation [Buckley and Marshall, 2016; Latif et al., 2006; Latif and Keenlyside, 2011; Li et al., 2013; Sun et al., 2015] . Despite the indirect role for the atmosphere, the physical connection between the AMOC and the AMO is typically described in terms of oceanic processes alone: since the AMOC transports heat northward over the entire Atlantic, an increase in NADW formation should increase the strength of the AMOC, thus increasing oceanic meridional heat transport (MHT) convergence in the North Atlantic, resulting in a basin-scale warming of SSTs [Knight et al., 2005] .
Methods and Definitions
Uncovering the physical explanation for the AMO has been a challenge due to the short observational record relative to its characteristic time scale [Ting et al., 2009] , the uncertain influence of externally forced versus internally generated SST variability over the observational record [Booth et al., 2012; Brown et al., 2015b; Zhang et al., 2013] , difficulty in the quantification of surface and top-of-atmosphere energy fluxes over the observational record [Trenberth et al., 2009] , and the lack of any direct AMOC observations until relatively recently [Cunningham et al., 2007; Rayner et al., 2011] . Considering these challenges, it has been fruitful to study the physics underlying the AMO in unforced control runs of coupled general circulation models (CGCMs) and we adopt that strategy here.
Coupled Model Intercomparison Project Phase 5 and Geophysical Fluid Dynamics Laboratory CM2.1 Control Runs
We utilized 15 unforced CGCM control runs from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive [Taylor et al., 2011] and an unforced Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1 run , in which external radiative forcings were held constant and thus all variability emerged spontaneously from the internal dynamics of the modeled climate system. Analysis was conducted on the first 200 years of each CGCM's control run. We only analyzed CGCMs with a global-mean, time-mean net top-of-atmosphere (TOA) energy imbalance of less than 2 W/m 2 so that we could focus our analysis on
CGCMs that were not experiencing excessive drift.
GFDL CM2.1 Control Run Without Cloud Feedback
In the analysis below we utilize a GFDL CM2.1 control run without cloud feedback. This experiment was identical to the fully coupled GFDL CM2.1 run, except that the three prognostic cloud properties (total cloud liquid in each grid box, total cloud ice in each grid box, and the fraction of each grid box covered by cloud) were prescribed over the global domain at each time step and repeated for each year of the simulation. These prescribed cloud properties came from one arbitrary year in the GFDL CM2.1 unforced simulation but were adjusted to have the same climatological monthly means as the GFDL CM2.1 run with cloud feedback so that the simulated ocean and atmosphere climatology was similar in both runs. See Zhang et al. [2010] for further details on the experiment.
Data Preprocessing
All CMIP5 output were regridded from each CGCM's native grid to a common 2°× 2°grid via bilinear interpolation so that values could be compared at the same locations. All time series were anomalized by subtracting the climatological mean of the variable from each year in the time series. Additionally, all time series were linearly detrended so that any remaining model drift was discarded. Figures 2a-2c show the periodogram for unsmoothed annual time series, but all other time series were smoothed with a 15 year Lowess [Cleveland, 1979] filter prior to subsequent analysis so that the interdecadal component of variability could be investigated. Conclusions of this study are robust to smoothing at the 30 year time scale (not shown).
AMO Index
We define the AMO as the low-pass filtered (15 year Lowess [Cleveland, 1979] ) spatially weighed mean SST from 7.5°W to 75°W and 0°N to 65°N over the Atlantic Ocean. The AMO indices for each CGCM investigated are shown in Figures S1 and S9 in the supporting information.
AMOC Index
The strength of the AMOC in the two GFDL CM2.1 experiments was approximated as the low-pass filtered time series (15 year Lowess [Cleveland, 1979] ) of the maximum zonally integrated Atlantic meridional overturning stream function at 45°N in density space. The AMOC indices are shown in Figure S9 in the supporting information. Similar results are obtained when the AMOC index was defined at 26°N (see Figure S13 in the supporting information).
Meridional Heat Transport and Meridional Heat Transport Convergence
The meridional heat transport (MHT) was defined as the zonally integrated northward heat transport across the entire Atlantic at each latitude, and the MHT convergence was defined as the negative of the latitudinally weighed meridional derivative of the MHT.
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Use of Cloud Radiative Effect
Below we utilize the change in cloud radiative effect (CRE) with SST to investigate the radiative impact of cloud variability. The CRE is a measure of the impact of clouds on the radiation budget relative to a cloudless atmosphere [Ramanathan et al., 1989] . Thus, a change in the CRE with SST is not a direct measure of cloud feedback since CRE changes can results from a change in cloud properties or a change in the clear-sky radiation budget [Soden et al., 2004] , leaving some ambiguity for the cloud effect over regions with large changes in the clear-sky energy budget.
Heat Flux and the AMO in CGCMs
We first examine the structure of the AMO and its associated anomalous heat flux in output from a number of CGCMs that participated in CMIP5. We focus on multimodel mean relationships in order to emphasize features that are robust across the ensemble, but results from individual models are shown in Figures S1-S6 in the supporting information. Our analysis confirms that CGCMs tend to simulate a basin-scale AMO with simultaneously coherent interdecadal SST variability between the ENA and the TNA (Figures 1a and 1f ) [Ba et al., 2014] . CGCMs indicate that the positive phase of the AMO is associated with anomalous negative (i.e., upward) net surface heat flux over large portions of the ENA, in conjunction with the AMO (Figure 1b ) and preceding the AMO peak for several years (Figures 1g and S7b in the supporting information). On the contrary, the AMO positive phase is associated with substantial areas of anomalously positive (i.e., downward) net surface heat flux over the TNA, in conjunction with the AMO (Figure 1b ) and preceding the AMO peak for several years (Figures 1g and S7b in the supporting information). These contrasting relationships indicate that over the ENA, the anomalous net surface heat flux tends to damp the AMO-related interdecadal Stippling represents where over 80% of the CGCMs agree on the sign of the regression coefficient. Note, however, that CGCMs from the CMIP5 ensemble cannot be considered to be independent [Knutti et al., 2013] . Figures S2-S6 in the supporting information show spatial plots for each individual CMIP5 CGCM used. Note that while zonal mean plots reflect the basin-scale features, they can also obscure small-scale features (apparent in the maps) that might be locally important.
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SST variability [Gulev et al., 2013; O'Reilly et al., 2016] , while over the TNA, the anomalous net surface heat flux tends to enhance the AMO-related interdecadal SST variability. Note that the amplitude of the anomalous net surface heat flux is much smaller over the TNA than that over the ENA (Figures 1b and 1g) . Additionally, Figures S7a and S7b in the supporting information indicate that over most of the TNA, the net surface heat flux contributes to the SST tendency associated with the AMO, while net surface heat flux tends to oppose the SST tendency associated with the AMO over large portions of the ENA.
An examination of the anomalous TOA radiative flux associated with the AMO (Figures 1d and 1i) indicates that changes in radiatively active constituents of the atmosphere result in anomalous surface radiative fluxes (Figures 1c and 1h ) that enhance AMO magnitude and variability over large portions of both the ENA and the TNA. The importance of cloud feedback has previously been identified for unforced Atlantic SST variability Evan et al., 2012; Yuan et al., 2016] , as well as for the Atlantic SST response to an abrupt AMOC weakening [Zhang et al., 2010] . Furthermore, cloud feedback associated with local unforced surface temperature variability have been shown to be positive over the majority of the world's oceans [Brown et al., 2016] . These studies lead us to suspect that clouds might play a role in modulating heat flux variability associated with the AMO. Indeed, the spatial pattern of the anomalous CRE over much of the North Atlantic (Figures 1e and 1j) indicates that changes in clouds have a positive feedback on AMO variability over most of the basin in CMIP5 models. Decomposition of the radiation budget reveals that the 
The Necessity of Cloud Feedback for a Basin-Scale AMO
To quantify the impact of cloud feedback on the AMO, we compare the relationship between the AMOC, heat fluxes, and SSTs in a fully coupled control simulation of GFDL CM2.1 (henceforth referred to as the run "with cloud feedback") to the relationship in a GFDL CM2.1 simulation without a multiyear cloud feedback (henceforth referred to as the run "without cloud feedback"). See section 2 for more details.
A comparison of the two simulations reveals that cloud feedback greatly enhances the magnitude of interdecadal North Atlantic SST variability (Figure 2a) , as well as interdecadal SST variability over the ENA (Figure 2b ). Cloud feedback does not cause a clear enhancement of interdecadal SST variability over the TNA (Figure 2c) . However, the cloud feedback greatly enhances the meridional coherence of SST variability in the North Atlantic (cf. Figures 2d and 2e) . Specifically, in the run with cloud feedback, ENA and TNA SST variability each lag AMOC variability by~4 years, consistent with previous studies [Ba et al., 2014 ; 
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10.1002/2016GL068303 Zhang and Zhang, 2015] . Without cloud feedback, ENA SSTs still show significant correlation with the AMOC at a 4 year lag; however, the correlation between the AMOC and TNA SSTs at that lag drops to zero (Figure 2e) . Thus, the enhanced AMO variability in the run with cloud feedback is attributed to the enhanced ENA SST variability (~54% increase in the low-frequency ENA SST standard deviation; Figure S10 in the supporting information) and to the enhanced coherence between ENA and TNA SST variabilities (see also Figure S12 in the supporting information and associated discussion).
Figures 3 and 4 illustrate how cloud feedback alters the relationship between the AMOC, North Atlantic SSTs, and surface energy fluxes. With cloud feedback, a positive AMOC anomaly is associated with anomalously positive SSTs over almost the entire North Atlantic~4 years later (Figures 3a and 4a ) except for the negative SST anomaly over the Gulf Stream region that emerges due to local oceanic meridional heat transport (MHT) divergence . The source of heat for the positive SST anomalies over the northern ENA is mostly oceanic MHT convergence that persists from~7 years prior to~4 years following the AMOC maximum (Figure 3g ). The net surface heat flux over the ENA tends to be negative both in conjunction with the AMOC (Figure 4d ) and surrounding it in time for several years (Figure 3c ), indicating surface damping of the SST anomalies over the ENA. The situation is quite different over the TNA where there tends to be a weak MHT divergence for~10 years prior to and persisting for several years following the AMOC maximum (Figure 3g ). Despite this MHT divergence, zonal mean TNA SST anomalies become positive at all latitudes 4 years after the AMOC peak (Figures 3a and 4a ), due to persistently positive net surface heat fluxes (Figure 3c and 4d) . The anomalously positive net surface heat fluxes over the TNA are partially explained by anomalously positive net surface radiative flux (Figure 3e ) but are also affected by positive turbulent energy fluxes, discussed further below.
The model run without cloud feedback shows an AMOC-SST-surface energy flux relationship that is fundamentally altered. ENA SSTs still vary due to MHT convergence (Figure 3h ), but much of the TNA experiences (Figures 3g and 3h) . On the other hand, the positive net surface heat flux anomaly over the TNA in Figure 4d can be interpreted as contributing to the positive TNA SST anomaly 4 years later (Figure 4a ). Stippling represents statistical significance using a Monte Carlo technique (see supporting information). Net surface energy fluxes are positive downward. Note that the AMOC variability itself is largely unaffected by cloud feedback ( Figure S11 in the supporting information).
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anomalously negative SSTs~4 years after the AMOC peak, producing a dipole pattern over the North Atlantic (Figures 3b and 4b) . Contrary to the run with cloud feedback, the run without cloud feedback shows that from 10 years prior to~3 years after the AMOC peak, the net surface heat flux is mostly negative over the TNA (Figures 3d and 4e) contributing to the emergence of the negative SST anomaly there. Thus, the cloud feedback produces an enhancement of SST variation over the ENA and it reverses the sign of AMOC-induced SST variability (due to MHT divergence) over the TNA, allowing for the emergence of the basin-scale AMO (Figures 4a-4c ).
Discussion and Conclusion
The apparent mechanisms responsible for the basin-scale AMO in the GFDL CM2.1 run with cloud feedback are summarized in Figure 5 . A positive AMO is associated with a positive SST anomaly in the ENA (due to MHT convergence), which causes anomalously low sea level pressure (SLP) and anomalous cyclonic surface winds over the North Atlantic (Figure 5a ) [Yuan et al., 2016] . SSTs over the TNA warm partially because the anomalous cyclonic winds induced by the ENA SST anomaly weaken the northeasterly trades and induce anomalously positive turbulent heat fluxes (Figure 5c ) in a manner similar to that described in the wind-evaporation-SST (WES) feedback [Xie and Philander, 1994] . Additionally, during positive AMO, the large-scale atmospheric response induces reduced low-level cloud fraction (Figure 5d ), which may be associated with reduced atmospheric subsidence (Figure 5b ) and thus reduced marine boundary layer inversion strength [Myers and Norris, 2013] . This reduction in low-cloud fraction produces compensating effects in the shortwave (Figure 5g ) and (Figure 5h ) but results in an overall surface CRE response that is mostly positive over the basin (Figure 5f ) [Yuan et al., 2016] .
Thus, the cloud feedback directly induces a surface radiative heat flux response that enhances the AMO-related SST variability over most of the North Atlantic. This enhanced SST variability supports SLP and surface wind responses that are sufficiently large to produce an anomalously positive TNA turbulent heat flux (Figure 5c ). In addition, the AMO-related SST variability over the TNA may be amplified by feedback involving SSTs and African dust [Martin et al., 2014; Wang et al., 2012; Yuan et al., 2016] .
As mentioned above, atmospheric processes have previously been invoked as one of the physical explanations of NADW formation and thus AMOC variability [Latif et al., 2006; Latif and Keenlyside, 2011; Li et al., 2013; Sun et al., 2015] . However, AMOC variability has traditionally been linked to the AMO through oceanic processes alone. In contrast, it was recently suggested that the AMO in CGCMs might emerge without AMOC variability since slab ocean models produce similar AMO SST patterns and power spectra as CGCMs . Our results indicate that AMOC variability is critical to the production of the AMO in CGCMs but that the AMOC-AMO connection is not solely attributable to oceanic processes. Specifically, we show that the ENA portion of the AMO is driven primarily by AMOC-induced OHC convergence but the cloud feedback provides a necessary teleconnection mechanism for the emergence of the coherent TNA portion of the AMO. This result is primarily based on an investigation of the effects of cloud feedback in a single CGCM (GFDL CM2.1), and thus, it would be valuable test this mechanism in other CGCMs.
Quantifying the cloud response to external forcing has long been recognized as a key path forward for narrowing the uncertainties in long-term projections of global warming. Our study supports the notion that cloud feedback mechanisms may also be crucial for the emergence of large-scale internal modes of variability [Brown et al., 2016 [Brown et al., , 2014 . Thus, progress toward understanding the role of clouds in the climate system should also improve our ability to predict regional and global climate on decadal time scales.
